INTRODUCTION

3
Visual working memory (VWM) is a central cognitive ability that provides temporary storage 4 4 and manipulation of information 1,2 . VWM deficits have been widely documented in people with 4 5 schizophrenia (SZ) [3] [4] [5] [6] [7] . But the underlying mechanisms still remain unclear. Existing theories 4 6
propose impaired sensory processing at the encoding stage of working memory as one candidate 4 7 mechanism of the behavioral deficits 8 . Indeed, our sensory systems are often confronted with an 4 8 immense amount of information that greatly exceeds the processing capacity 9 . However, 4 9 working memory capacity is known to be limited 10, 11 . The capacity limitation necessities a 5 0 selection process that prioritizes task-relevant information and filters out task-irrelevant ones in 5 1 order to optimize performance. This is particularly important when salient distractors are present 5 2 and interfering with the processing of targets. The interference induced by distractors, so-called 5 3
"distractibility", has been shown to link with several key cognitive functions, such as working 5 4 memory 12 , endogenous and exogenous attention 13 A sizable amount of literature has suggested the aberrant distractibility in SZ [20] [21] [22] [23] [24] . One 5 8 standard approach to study distractibility is to impose distractors in some cue-based attention 5 9 tasks. However, most studies found no significant deficits in cue-based attention tasks in SZ 25, 26 .
0
One possibility is that the cues and instructions in those tasks were quite simple and 100% valid. 6 1 Simple cues ease the tasks and require less attentional control. By contrast, if probed in high-6 2 demanding attention tasks, SZ exhibit deficits in suppressing salient distractors 27, 28 . These 6 3 findings suggest that the distractibility deficits in SZ exist and might be more prominent at the 6 4 presence of highly salient distractors. 6 5
Recent advances in the basic science of VWM demonstrate that behavioral performance 6 6 in VWM tasks is mediated by multiple factors 29 . It has long been proposed that SZ has lowerspace. All subjects finished one block of 80 trials for each condition. The order of conditions was 1 2 2 counterbalanced across subjects. 1 2 3 1 2 4 Figure 1 . The modified color delay-estimation task. This figure illustrates two 1 2 5 example trials of the experiment. In the experiment, each trial starts with a fixation 1 2 6 point presented for 300ms to 500ms (with a step of 50ms). In the sample array, one 1 2 7 or three targets (squares in this example) together with zero or two distractors (circles, 1 2 8 a 2 × 2 design) are displayed on the screen for 500ms. Subjects were instructed to 1 2 9 remember the colors of one of the shapes in the sample array. After a 900ms delay, 1 3 0 outlines of the items at their original location would appear and one of the cued of 1 3 1 target shapes is cued. Subjects are asked to recall and report the color of the target by 1 3 2 clicking on the colored wheel using a computer mouse. Moreover, the VP model also explicitly isolated the variability of behavior choice (e.g., motor or 1 4 2 decision noise), which was ignored by most previous models in VWM. 1 4 3
For each item, the memory resources recruited J is defined as Fisher information 1 4 4
, where I 0 and I 1 are modified Bessel functions of the first kind of order 0 and 1 1 4 5 respectively, with the concentration parameter κ . In the VP model, because J varies across 1 4 6 items and trials, it is further assumed to follow a Gamma distribution with a mean of J and 1 4 7 scale parameter τ . Moreover, since the mean VWM resource decreases with target size N ( Fig.  1  4  8 3A), we assume that the relationship between J and N can be written in a power-law fashion 1 4 9 J = J 1 * N −a , where J 1 is the initial resources when only 1 item (N = 1) should be remembered in 1 5 0 VWM and α is the decay exponent.
The model also assumes that the subject' internal representations of stimuli are noisy and 1 5 2 follow a von Mises distribution. Thus, the distribution of sensory measurement (m) given the 1 5 3 input stimulus (s) can be written as:
and we further assumes that subjects' reported color (ŝ ) shat also follows a von Mises 1 5 6 distribution with the choice variability
Taken together, there are four free parameters: J 1 , α, τ and ߢ in the VP model. 1 5 9
We fit the model separately for each subject. Because J is a variable across items and 1 6 2 trials, we sampled it for 10000 times from the Gamma distribution with mean J and scale 1 6 3 parameter τ . We then used all these samples to calculate response probability in each trial. 1 6 4
We used the BADS optimization toolbox in MATLAB to search the best fitting 1 6 5 parameters that maximize the likelihood of responses. To avoid the issue of local minima, we did 1 6 6 the optimization process for 20 times with 20 different initial seeds. The parameters with the 1 6 7 maximum likelihood were used as the best fitting parameters for a subject and were further used 1 6 8 in the statistical process. 1 6 9 1 7 0 RESULTS 1 7 1 SZ make larger recall errors than HC 1 7 2
We set four experimental conditions (target size 1/3 x distractor size 0/3) for each group. In the 1 7 3 modified color delay-estimation task, performance in a trial, denoted as "response error", was 1 7 4 defined as the distance between the true color and the reported color of the cued item in the 1 7 5 circular color space. For each subject, circular standard deviations (CSD) of response errors in 1 7 6 each experimental condition were calculated separately as indexes of VWM performance. 1 7 7
A 2 × 2 × 2 ANOVA was performed with the CSDs as the dependent variable (Fig. 2 VWM deficits in schizophrenia [3] [4] [5] [6] . We also found a significant interaction between target size 1 8 7
and distractor size (F(1,119) = 4.486, p = 0.036, partial ߟ ଶ = 0.036). Post hoc analysis showed 1 8 8 that the distractors worsened VWM performance (p = 0.004) in the high target size (i.e., target 1 8 9 size = 3) condition, whereas no distraction effect was detected in the low target size (i.e., target 1 9 0 size = 1) condition (p = 1.000).
The key question we asked here was whether the distractors selectively impaired VWM 1 9 2 processing in SZ. If yes, we should expect an interaction effect between distractor size and group 1 9 3 as adding distractors might impose stronger performance deteriorations in SZ compared with HC. 1 9 4
However, we did not find such interaction effect (F(1,119) = 0.820, p = 0.367, partial
0.007), indicating that adding distractors worsened performance in both groups and such 1 9 6 distraction effect was not specific to SZ. Moreover, previous studies have suggested that 1 9 7 distractibility deficits in SZ might be more prominent when the task becomes more challenging 1 9 8 (e.g., higher memory load). However, no other significant interaction effect was noted with 1 9 9 respect to the group variable (target size × group, results were consistent with the previous studies 25, 26, 34 showing that SZ exhibit generally worse 2 0 2 VWM performance than HC but the memory load and distraction effect manifest similarly in 2 0 3 both groups. 2 0 4 2 0 5 Figure 2 . General memory load and distraction effects on both groups. A higher CSD 2 0 6
indicates worse performance. Increasing the memory load and the distractor level 2 0 7 worsen performance in both groups. Also, SZ showed generally worse VWM 2 0 8 performance than HC. Moreover, distractors only impact VWM performance at high 2 0 9 memory load (target size = 3). Error bars represent ±SEM across subjects. The letter 2 1 0 "t" in the legend means "target size" and "d" means "distractor size". For example, 2 1 1 "t1d0" indicates target size = 1 and distractor size = 0. Above analyses only focused on CSD-a summary statistics describing the variance of recall 2 1 5 error distributions in each experimental condition. To further scrutinize the data, we employed 2 1 6 the VP model (see Methods)-a Bayesian observer model describing the generative process of a 2 1 7 behavioral choice in the delay-estimation task. The VP model has two major strengths. First, 2 1 8 unlike the CSD as a summary statistical variable, the VP model is a probabilistic model that can 2 1 9 utilize the data in every trial without losing any information. Second and more importantly, the 2 2 0 VP model explicitly defines some key VWM components and characterizes the full generative 2 2 1 process of the VWM task. Therefore, we can quantify the distraction effect on these VWM 2 2 2 components. 2 2 3
We elaborated the details of the VP model here. First, the VP model estimates the initial 2 2 4 resources when only one target is present. Second, the memory resources decline as a power 2 2 5 function of target size and this decreasing trend can be described by the decay exponent. Third, resources assigned to each item vary and follow a Gamma distribution with the variance as 2 2 8 resource allocation variability. The amount of resources assigned to each item determines the 2 2 9 precision of sensory measurement (i.e., memory representation) of the item. Forth, given the 2 3 0 noisy representation, there exists choice variability describing the uncertainty from internal 2 3 1 sensory representation to the outcome behavioral choice. We estimated the four parameters (i.e., 2 3 2 initial resources, decay exponent, resource allocation variability and choice variability) on each 2 3 3 subject and separately on two distractor size levels. 2 3 4
We performed a 2 × 2 ANOVA with distractor size as the within-subject variable, group 2 3 5 as the between-subject variable, and the four estimated parameters of the VP model as the 2 3 6 dependent variables. We observed a main effect of group in resource allocation variability 2 3 7 (F(1,119) = 9.863, p = 0.002, partial
showing an overall higher resource allocation 2 3 8 variability in SZ compared to HC (Fig. 3D ). This result is consistent with our earlier work 32 . The 2 3 9 main effect of group was not significant in the other three parameters. Particularly, we did not 2 4 0 observe a significant main effect of initial resource and decay exponent, two factors that control 2 4 1 the amount of memory resources. Intuitively, these results suggest that SZ might have the same 2 4 2 amount of memory resources, but they distributed the resources across targets in a very 2 4 3 heterogeneous manner. More importantly, to examine the distraction effect, the key is to examine the interaction 2 5 2 effect between group and distractor size. If SZ have deficits in distractibility, we should expect 2 5 3 that adding distractors imposes significantly larger interferences on VWM processing in SZ but 2 5 4 compared with HC. We indeed observed a significant interaction effect between group and 2 5 5 distractor size (F(1,119) = 5.062, p = 0.026, partial ߟ ଶ = 0.041) (Fig. 3D ) in resource allocation 2 5 6 variability. However, post hoc analysis suggested that adding distractors only increased the 2 5 7 1 2 resource allocation variability in HC (p = 0.036) but had little impact on SZ (p = 0.999). This is 2 5 8 surprising since elevated distractibility has long been proposed as a core executive function 2 5 9 deficit in SZ. On the contrary, we found a more prominent distraction effect in HC rather in SZ, 2 6 0 indicating a relatively higher resilience to distraction in SZ. We did not find such interaction 2 6 1 effect in all other three parameters (initial resource These results also suggest the critical role of resource allocation variability since we did 2 6 5 not find the interaction effect of group and distractor size, as well as their interaction on other 2 6 6 three VP model parameters (see full statistical results in Supplementary Materials note 1).
Resource allocation variability is a relatively new concept in VWM and has increasingly been 2 6 8 regarded as one of the key determinants for VWM performance 31 . Also, our earlier work 2 6 9 confirmed its contribution to schizophrenic pathology 32 . Recent studies have shown that it is not 2 7 0 only a key component in VWM but might be also a very general property in sensory processing 35 . 2 7 1 2 7 2 variability in mediating VWM performance and demonstrate an unexpected higher resilience to
The finding of enhanced resource allocation variability is of unique significance for 3 0 3 understanding VWM deficits in SZ. This finding has been systematically evaluated in our prior 3 0 4 work 32 . In that study, we compared several influential models in VWM literature and compare 3 0 5 results between SZ and HC. We found that the only difference between the two groups lies in 3 0 6 resource allocation variability not the amount of memory resources. This result suggests that SZ 3 0 7 have the same amount of mean resources as HC at each target size level, but the resources 3 0 8 assigned to individual items exhibit larger variability around this mean value. For example, 3 0 9 assume that, given three targets, both SZ and HC have r units of mean resource across three 3 1 0 targets. But the actual resources assigned to each item vary around this mean value (i.e., r+0.1, r-3 1 1 0.2). SZ exhibit overall larger variability (e.g., r+3, r-2) than HC (e.g., r+0.3, r-0.2). Note that 3 1 2 this mechanism is fundamentally different from elevated attentional lapse or general deficits in 3 1 3 filtering distraction. Elevated attentional lapse will lead to more guessing trials and the general 3 1 4 deficits in filtering distraction will allow more resources assigned to distractors. Therefore, these 3 1 5 mechanisms predict that the mean resources will be overall reduced in SZ. However, we did not 3 1 6 observe the significant group differences in memory resources (Fig. 3A) .
What are the neural mechanisms underlying VWM deficits and distraction effects in SZ? 3 4 8
A recent study has identified the superior intraparietal sulcus (IPS) as the cortical region 3 4 9 controlling resource allocation variability 42 . SZ patients have also been found the atypical neural 3 5 0 processing in this region 43 . On the other hand, the distraction effect on neural processing has 3 5 1 been broadly found in attention and cognitive control networks 44 . Especially, SZ exhibited 3 5 2 abnormal neural processing when distractors are present and cortical activity in high-level brain 3 5 3 regions (i.e., dorsolateral prefrontal cortex) is correlated with negative symptoms 45 . However, no 3 5 4 study has combined the VWM and distractors paradigm and measured neural activity in SZ. Also, 3 5 5 it is unclear how other computational components of VWM are implemented in the brain. Future 3 5 6 studies might need to combine computational modeling, neural measurements and behavioral 3 5 7 testing to systematically address this issue. 3 5 8
Taken together, in this study we combined the standard VWM and distractor paradigms 3 5 9
to examine the distraction effect during VWM in both SZ and HC. We replicated the standard 3 6 0 memory load and distraction effects in both groups. We also found general worse VWM 3 6 1 performance in SZ. But we did not observe a significant higher distraction effect in SZ. Further 3 6 2 modeling analyses revealed that distractors elevate resource allocation variability during VWM 3 6 3 in HC but not in SZ. This unexpected higher resilience to distraction in SZ provides new 3 6 4 evidence for the cognitive deficits of SZ. Such unexpected higher resilience and less flexible 3 6 5 cognitive control might be two sides of the same coin. 3 6 6 3 6 7
